41 Background: Particulate matter (PM) pollutant exposure, which induces oxidative stress and 42 inflammation, and vitamin D insufficiency, which compromises immune regulation, are 43 detrimental in asthma. 55 versus asthmatic donor cultures. Vitamin D also differentially affected PM-stimulated GM-56 CSF, with suppression in healthy HBECs and enhancement in asthmatic cultures. Vitamin D 57 increased HBEC expression of the antioxidant pathway gene G6PD, increased the ratio of 58 reduced to oxidised glutathione, and in PM-stimulated cultures decreased the formation of 8-59 isoprostane. Pre-treatment with vitamin D decreased CXCL8 and further decreased IL-6 60 production in PM-stimulated cultures, an effect abrogated by inhibition of G6PD with DHEA, 61 supporting a role for this pathway in the anti-inflammatory actions of vitamin D. 62 Conclusions: In a study using HBECs from 18 donors, vitamin D enhanced HBEC 63 antioxidant responses and modulated the immune response to PM, suggesting that vitamin D 64 may protect the airways from pathological pollution-induced inflammation. prevalence, implying the importance of environmental factors in its aetiology [1]. Vitamin D 68 insufficiency/deficiency and ambient air pollution are two major environmental factors that 69 appear to influence the pathogenesis and stability of asthma [2] [3] [4] [5], as well as other 70 respiratory diseases [6] [7]. However there remains debate resulting from the heterogeneity 71 of findings relating to the effects of these environmental factors on airway pathology [5] [8] [9] 72 [10]. For example, European studies have shown heterogeneity between different cities in 73 the magnitude of the effects of pollution on health outcomes such as hospital admissions for 74 respiratory diseases [9] and asthma incidence [11], despite using standardised analyses. 75 Environment-environment interactions are a major possible explanation for inconsistent 76 results between different patient cohorts but have been little studied, particularly at the 77 mechanistic level. In a recent meta-analysis, latitude of study location influenced 78 associations between air pollutants and severe asthma exacerbations, and latitude is also 79 known to affect sunlight-derived vitamin D production, although this association is 80 complicated by other factors such as hours of daily skin exposure to sunlight [5]. In the 81 urban environment Rosser and colleagues have shown that vitamin D insufficient children, 82 but not those vitamin D sufficient, living close to major roads show an elevated risk of severe 83 asthma exacerbations [12], although the mechanisms by which vitamin D may protect 84 against pollution toxicity remain unclear and the interaction likely complex. 85 86 A growing body of research highlights the importance of epithelial immunology in 87 asthma [13]. Evidence shows that inhaled ambient particulate matter (PM) adversely affects 88 the bronchial epithelium through various mechanisms including the imposition of oxidative 89 stress, which stimulates redox sensitive signalling pathways and drives the transcription of 90 pro-inflammatory mediators relevant to asthma and other inflammatory lung diseases [14]. 91 There is evidence that in asthma this pro-oxidant/pro-inflammatory action is superimposed 5 92 on a background of oxidative stress. For example, Teng and colleagues have shown 93 concentrations of H 2 O 2 are elevated in exhaled breath condensate of asthmatics compared 94 with controls, with concentrations increasing with asthma severity [15]. Mak and colleagues 95 have reported elevated plasma concentrations of 8-isoprostane, a lipid peroxide marker of 96 oxidative stress, during asthma exacerbations [16]. Indeed oxidative stress has been 97 implicated in many of the key pathophysiological features of asthma, including airways 98 hyper-responsiveness and mucus hypersecretion (reviewed by Zuo et al. [17], and Li et al. 99 [18]). 100 101 There is a large volume of research highlighting the anti-inflammatory effects of 102 vitamin D on the adaptive immune system [19] [20], but limited research as to the effects of 103 vitamin D on the human bronchial epithelium. Hansdottir and colleagues have shown vitamin 104 D to decrease production of pro-inflammatory cytokines by virally infected primary human 105 bronchial epithelial cells (HBECs) [21], but the capacity of vitamin D to affect the epithelial 106 response to urban particulate matter, consistent with it acting as a modifier of PM-induced 107 respiratory effects, to our knowledge has never been examined. 108 109 In view of this, we set out to examine whether vitamin D could abrogate urban PM-110 induced pro-inflammatory responses in primary human bronchial epithelial cells. We elected 111 to commence with an unbiased, transcriptomic analysis with the objective of identifying PM-112 induced pro-inflammatory cytokines that show distinct patterns of alteration by vitamin D in 113 vitro. We studied the epithelial response to both active 1α,25-dihydroxyvitamin D3 114 (1,25(OH) 2 D3) but also to vitamin D in its circulating precursor form as 25-hydroxyvitamin D3 115 (25(OH)D3). To examine the effects in a broader human context we studied epithelial cells 116 from both patients with diagnosed asthma and those without. We hypothesised that HBECs 117 from asthmatic, as compared with healthy control subjects, would display an enhanced pro-118 inflammatory cytokine response to ambient PM exposure. We further hypothesised that the 6 119 epithelial response to PM exposure could be favourably modified by vitamin D through 120 induction of antioxidant defences. 121 122 Materials and Methods 123 124
were added to passage 0 and passage 1 cultures. Medium was changed every 2 to 3 days.
170
For samples grown from brushings: at bronchoscopy multiple brushings with an 171 endobronchial brush were made to collect epithelial cells from 10 areas of the bronchial 172 mucosa of normal appearance. The detached cells were washed with warmed BEGM and 173 re-suspended in flasks of warmed BEGM then incubated at 37°C with 5% CO 2 . The medium 174 was changed on the next day and the passage 0 cultures were then subcultured as 175 described.
176
For samples grown from biopsies: small fragments of endobronchial biopsy with any 177 visible smooth muscle removed by micro-dissection were placed in a universal tube 178 containing 6ml warmed BEGM cell culture medium. Samples were treated with Liberase TL 37°C then centrifuged twice in BEGM medium to wash off collagenase before transfer to a 181 cell culture flask and incubation at 37°C with 5% CO 2 . The medium was changed on the 182 next day and the passage 0 cultures were then subcultured as described. 
Results

294
Effects of vitamin D on expression of pro-inflammatory cytokine
295 genes by HBECs exposed to particulate matter 296 In initial studies to investigate vitamin D mediated inhibition of the pro-inflammatory 297 effects of particulate matter, a gene transcription microarray was conducted on HBECs 298 stimulated with PM for 24 hours, using cultures from four adult donors. Expression of 510 299 genes was altered (fold-change ≥ ± 1.4) upon stimulation with 50 μg/ml NIST SRM1648a, a 300 reference preparation of urban PM, hereafter referred to as NIST (full microarray data 301 available in S1 Data Appendix). This concentration of NIST had previously been ascertained 302 to induce significantly increased production of pro-inflammatory cytokines after 24 hour cell 303 culture. Of these genes, 49 also showed evidence of regulation (fold-change ≥ ± 1.4) in the 304 presence of the active form of vitamin D, 1,25(OH) 2 D3, at a concentration of 100nM ( Fig 1A, 
305
S2 Table) . Expression of the pro-inflammatory cytokine genes IL6, CXCL10 and IL24 was 306 induced by NIST, but suppressed by the addition of vitamin D ( Fig 1B) . Expression of other 307 pro-inflammatory cytokine genes, for example IL8, was induced by NIST, but not altered by fold-increases in cytokine production were not significantly greater in HBECs from asthmatic 378 compared to healthy subjects in the absence of vitamin D ( Fig 3B) . Nevertheless, 379 1,25(OH) 2 D3 exhibited a significantly greater capacity to suppress NIST-stimulated IL-6 380 production by HBECs from the non-diseased, compared with the asthmatic donors ( Fig 3C) .
Comparison of the effects of vitamin D on PM-stimulated epithelial
381
There was also a significant difference in the effect of 1,25(OH) 2 D3 on NIST-induced GM-382 CSF production, with suppression in cell cultures from the non-diseased donors, but 383 enhancement in those from the asthmatic donors. As a result, in NIST-stimulated vitamin D 384 treated cultures induction of IL-6 and GM-CSF production was significantly greater in 385 asthmatic than in healthy HBECs ( Fig 3B) . There was no significant difference in the effect 386 of vitamin D on CXCL8 production by HBECs from the non-diseased and asthmatic donors.
388
We examined the possibility that these differences in the effects of 1,25(OH) 2 D3 on 389 IL-6 and GM-CSF protein production reflected differences in early induction of cytokine gene Fig 7A and B) . 25(OH)D3 similarly 468 enhanced G6PD expression in a concentration-dependent manner ( Fig 7B) . There were no 469 significant differences between asthmatic and healthy donor cultures in spontaneous 470 expression of G6PD in unstimulated cultures at 4 hours and 24 hours ( Fig 7C) . Additionally 471 there were no significant differences in the capacity of NIST with/without 1,25(OH) 2 D3 to 472 induce expression of G6PD above that in unstimulated cultures ( Fig 7D) in HBECs from 473 asthmatics compared to healthy donors. 494 Accordingly, we compared the effects of concurrent treatment with 100 nM 25(OH)D3 (as in 495 the previous experiments above) with those of additional treatment of the HBECs with 100 496 nM 25(OH)D3 for 24 hours prior to exposure to NIST-stimulation ( Fig 8A) . Additional vitamin 497 D pre-treatment of NIST-stimulated HBECs significantly increased the percentage 498 suppression of IL-6 production ( Fig 8A) . Vitamin D pre-treatment also suppressed NIST-499 induced CXCL8 production, a phenomenon not observed when vitamin D was added only 500 concurrently with NIST. However, suppression of IL-6 production (44.78%, 18.45% -71.10%
501
[mean, 95% confidence interval]) was greater than that of CXCL8 (22.36%, -1.42% -assessed using the G6PD inhibitor dehydroepiandrosterone (DHEA). DHEA at a 506 concentration of 100 μM significantly abrogated the ability of 100nM 25(OH)D3, applied for 507 24 hours in advance and with NIST stimulation, to suppress CXCL8 production in NIST-508 stimulated HBEC cultures with evidence of a trend towards decreasing suppression of IL-6 509 ( Fig 8B) . 
